Abstract-Bicycle use has steadily risen its share of total urban traffic over the last decade. This has been the result of city governments promotion of alternative forms of transportation, in the search for finding strategies that help reduce traffic congestion. Although benefits of cycling in congestion and pollution are concrete, in several cities the increment of cyclists has gotten to the point to overflow the infrastructure, deriving in safety risks and gridlocks due to the lack of explicit coordination among cyclists. This paper presents the integration of two strategies that so far have been considered completely independent: cooperative driving and cycling. Our project addresses the coordination of collective behavior of platoons of cyclists that could pervade dedicated express roads such as the London's 18 mile EastWest Cycle Superhighway. The proposed platoon-based cyclists cooperative system can be defined as a networked cyber-physical system with an additional challenge related to the human factor. Different from traditional automated platooning, in the proposed system cyclists respond to a Cooperative Adaptive Cruise Control delivered through specific human-machine interfaces (HMI) designed to elicit the expected response from cyclists. A smart bicycle has been implemented to validate the accuracy of the proposed HMI, and simulations of the complete system are provided to determine the impact of the human error factor in the effectiveness of the cooperative cycling system.
I. INTRODUCTION
Automated platooning systems have become extremely attractive due to the benefits that cooperative driving may bring to road infrastructure and drivers such as improvements in road capacity, reduction in traffic congestion, reduction in energy consumption and emissions, and increase in safety and comfort while driving [1] . Automated platoons have evolved from radar-based adaptive cruise control systems, which have been available for a while already, to the integration of vehicleto-vehicle (V2V) communications with Cooperative Adaptive Cruise Control (CACC), which improves system's stability and allows for longer platoons with a shorter safe distance to be maintained among vehicles [2] , [3] . An additional advantage of employing V2V is that it enables the deployment of infrastructure-less platoons, so there is no need to employ centralized control centers such as the ones proposed in the past [4] , [5] .
Nevertheless, coordinated driving with automated platoons is only one of the several strategies that can be implemented to improve urban mobility in the (over)crowded roads we observe nowadays. Conscious that road infrastructure is a scarce resource that is very expensive to expand and maintain, public administrations and urban planning strategists promote alternative forms of transportation such as car-sharing systems, public transport, and cycling. Referring to cycling in particular, the city governments promotion of bicycle use over the last decade has resulted in the rise of cyclist share of total urban traffic, and has impacted urban mobility as a whole [6] .
Being an appealing solution in many cities, the effects of cycling on motorized congestion and pollution are generally positive (as it is observed in Melbourne, Sydney, and Brisbane) [7] . However, in some cities (as Groningen, Copenhagen, and Berlin) the increment of cyclists got to the point to overflow the infrastructure [8] . In such cities, unplanned platooning is a circulation strategy observed in crowded bike lanes [9] that, albeit it uses roads efficiently, derives in safety risks and gridlocks due to the lack of explicit coordination. This kind of scenario has motivated our intention to integrate two strategies that so far have been considered completely independent: cooperative driving and cycling. Our project addresses the coordination of collective behavior of platoons of cyclists that could pervade dedicated express roads such as the London's 18 mile East-West Cycle Superhighway [10] .
The proposed platoon-based cyclists cooperative system can be defined as a networked cyber-physical system with an additional challenge related to the human factor. In previous work, human driven platoons have been considered; however, the platoon leader is assumed to be a professional driver and the followers are completely automated under longitudinal and lateral control [11] . In our case, cyclists participating in the platoon respond to the CACC indications through specific human-machine interfaces designed to elicit the expected response from cyclists [12] .
The remainder of this paper is organized as follows. In Section II we describe the proposed system model and components. In Section III we describe the methodology and pilot study conducted to validate the smart bicycle concept, in particular the human-machine interface (HMI). We also report the findings from the experimental pilot study. The results from simulations are discussed in Section IV and the advances with the prototype implementation are described in Section V. Concluding remarks and future work are presented in Section VI.
II. PLATOON-BASED CYCLISTS COOPERATIVE SYSTEM
In this section, we first explain the basics of a Cooperative Adaptive Cruise Control and then introduce the details of our proposed Platoon-Based Cyclists Cooperative System. Our system is supported by the logic of the Cooperative Adaptive Cruise Control (CACC). In CACC, V2V communications are employed to disseminate motion information 2015 
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978-1-4673-9411-6/15/$31.00 ©2015 IEEE from neighboring vehicles and the group leader. Based on the received information, the desired acceleration for each follower vehicle is calculated as [2] :
where K is a weight factor for the motion information (i.e., speed and acceleration) of the leading vehicle, ⇠ is the damping ratio (set to 1 for critical damping), and ! n is the bandwidth of the controller. Regarding motion information, the calculation includes the vehicle in front's acceleration (a i 1 ), the relative speed to the vehicle in front (v i v i 1 ), and the relative speed to the leading vehicle (v i v l ). In this way, follower vehicles will adapt their speed to the pace of the leading vehicle but will also pursue a given inter-vehicle spacing policy. The difference between the achieved spacing and the desired spacing d i des is defined as:
The desired acceleration is then passed through a low pass filter to account for the actuation lag due to vehicle's dynamics [3] , and the resulting acceleration a i lag is the one employed by the control system of the vehicle. When each participant vehicle of the platoon automatically adapts its acceleration according to the CACC logic, an automated platooning system is formed.
In the following we describe our proposal of a networked cyber-physical system that will enable the coordinated driving in a platoon of cyclists. Different from the automated platooning system we previously described, in this system the followers cyclists respond to the CACC indications delivered through a series of stimuli provided by the smart bicycle. The bicycles communicate the desired a i lag to be applied, and the cyclists respond according to their own interpretation of the communicated a i lag value. Such a bicycle-cyclist interaction requires specific human-machine interfaces able to convey a satisfactory response from cyclists.
The system installed in each bicycle is composed by three modules: Control, Communications, and Interface. The interaction among these modules is depicted in Fig. 1 . The Control module is in charge of processing the information received from other participants. Based on (1), information collected from the group is employed to calculate a i des and a i lag . Afterwards, this value is delivered to the Interface module so that it can be communicated to the cyclist.
The Communications module transmits contextual information collected through the Interface module regarding the cyclist motion parameters (i.e., location, speed, and acceleration). Intelligent dissemination that appends information in beacon messages allows for multi-hop coverage in cases where the wireless technology does not cover the entire group, especially when short-range technologies such as IEEE802.15.4 The Interface module enables interaction with the physical world. The module connects with sensors that collect motion parameters on-the-move. Additionally, the Interface codifies the adjusted acceleration and deceleration information as some form of stimulus transmitted to the cyclist, who would consequently adjust his/her speed in the platoon. A bicycle equipped with the aforementioned modules is named a "smart bicycle". The complete system involves the interaction of smart bicycles and the external context (i.e., cyclist and other platoon members) and is illustrated in Fig. 2 .
III. VALIDATION OF THE PROPOSED SYSTEM
To evaluate the feasibility and practicality of the system described in the previous section, we have performed both experiments and simulations. The methodology employed is the following: 1) In order not to disturb the auditory and visual perception channels of the cyclist (since they are required while driving), we investigated alternative forms of interaction between the system and the cyclist. The study led to employing haptic interfaces through the tactile channel [13] [14]. 2) An initial prototype was built to provide a regular bicycle with the Communications and Interface modules, which includes the integration of an embedded computer, GPS, speed sensors, and actuators required for the tactile system. 3) A pilot study with volunteers was conducted to de- termine to what extent the haptic system elicits the appropriate acceleration or deceleration to match a target speed. 4) By processing the experimental results, we characterized the human error according to the imprecision from the cyclist to achieve the desired target speed. 5) A platoon-based system with mobile nodes that represent the smart bicycles was implemented in the network simulator OMNeT++. Smart bicycles communicate via wireless and execute the logic of the CACC algorithm to control the acceleration of each node. The simulation follows the system description provided in Section II and illustrated in Fig. 2 . 6) The human error factor was introduced in the logic of the CACC implementation in OMNeT++, thus, affecting the value of a i lag . In this way, we forced the mobility module of each smart bicycle to apply a different acceleration to the one expected in a completely automated platoon (i.e., with no human intervention). 7) Different scenarios were simulated to determine the performance of the system under various conditions. 8) Testing of a complete prototype with real smart bicycles and ciclysts interacting under the CACC logic is currently under construction (see work in progress -Section V). In the following we describe the proof of concept of the proposed human-machine interface to be employed in the smart bicycle, as well as the simulation setup of the complete system.
A. Experimental setting for the HMI interface
The aim of the pilot study was to determine to what extent a cyclist exposed to a combined visual and tactile stimulus adjusts his/her acceleration to match a target speed. In a laboratory setting, we simulated the scenario of one cyclist following a leader riding on a paved road with an undetermined distance between them. The leader was a computer program. The follower's goal was to ride at the same speed as the leader's. To any sudden positive or negative acceleration of the leader the follower must respond attempting to match the leader's speed.
The setting is depicted in Fig. 3 . It consisted of a static urban bicycle equipped with a custom-made speedometer hooked to a microcontroller, which was scripted to control the trials and generate the haptic feedback on the participant's hand palm at a frequency of 3.91 Hz. The accelerate or decelerate haptic signal was conveyed by spinning a rough textured eccentric cylinder forward or backwards that scratched the participant's hand palm. Positive acceleration was signaled if the response was below the target's lower bound, negative acceleration if it was above the upper bound. No signal corresponded to no acceleration because the participant was riding between the boundaries of the target speed. Simultaneously, we displayed on a large format screen the target speed as a sequence of dots dropping from the top to the bottom at the rates of 2.7, 4.1 and 4.9 particles/second corresponding to the three target speeds. The participant's speed was displayed in the same fashion plotted in parallel to the other ones at a rate mapped to the cyclist's speed. A synchronous visual effect results when yellow and green dots flows matched. Otherwise, when the cyclist's speed was below or above the target the dot flows appeared asynchronous.
Variables:
The independent variable of the study was the target speed defined as slow (2.8 m/s or 10 km/h), intermediate (4.2 m/s or 15km/h), and fast (5.0 m/s or 18 km/h) speeds in urban bicycle roads [15] . Each target speed has a tolerance of +/-0.25 m/s (1 km/h).
The dependent variables were time-to-goal and speed. Time-to-goal is the duration of each trial until its completion. The participant's speed was sampled each 0.5 seconds. Based on this dataset we computed:
• A continuous variable with the acceleration measured in m/s 2 at each sampling event.
• A nominal variable named response with the participant's action based on his/her interpretation of the stimuli. A response was a Hit if the acceleration direction matched the signal, else it was a Miss.
Procedure: A sample of 7 participants was recruited from the population of students that frequently ride their bicycle to get to a local university campus. The participants were instructed to ride the bicycle and accelerate or decelerate as they interpreted the haptic signals on the handlebar.
The study is structured as a single factor design with three levels (one stimulus modality with three target speeds). For each target speed the participants had three trials. A trial was complete if it elapsed more than 40 seconds or when the participant consistently matched the intended speed for 4 seconds.
Findings: A total of 2503 observations were recorded across all three conditions. Overall, the distribution of subjects speed in each treatment is normally distributed, with long tails of outliers, and with different skewness depending on the treatment (see Fig. 4a ).
As for the condition with the target speed 2.8 m/s, the average speed is 2.96 m/s (SD= 0.47) with a mesokurtic shaped distribution and balanced outliers on both ends. As for the target speed 4.2 m/s, the average speed is 3.95 m/s (SD= 0.51) with a highly leptokurtic distribution skewed towards the lower end. As for the target speed 5.0 m/s, the average speed is 4.57 (SD= 0.89) also with a leptokurtic distribution highly skewed towards the lower end. From these distributions we interpret that the leptokurtic shapes are due to subjects correct interpretation of "at the target" signal. Once the subjects perceived the signal confirming that their speed was within the target limits their acceleration converged to zero, maintaining the speed very close to the target and accumulating hits until the signal changed. We can also interpret that subjects seem to be more assertive matching the 4.2 m/s target speed than the other two and that the long tails of outliers are due to the response of few subjects while they searched for the target.
In terms of subjects acceleration, the majority of data points fall within the range of +/-1 m/s 2 , and the means of all treatments are very close to zero, reinforcing the interpretations offered above. We observe that the treatment with the target 2. In regards of the number of hit or miss in each condition the Fig. 4c shows that hits are concentrated around the target boundaries. We adapted three indexes from [16] to analyze the subjects signal detection: i) Sensitivity is the probability that a stimulus signaled at one of the sampled events was interpreted correctly, ii) Accuracy is the ratio of in-target events over the total number of measured events, iii) F1 is the harmonic mean between accuracy and sensitivity and summarizes the average performance of subjects. For all these three indexes the closer to 1 the better the interpretation of the visual-tactile signal.
The highest performance is achieved at the condition 4.2 m/s target speed (Sensitivity= 0.83, Accuracy= 0.73, F1=0.78) followed by the condition 2.8 m/s (Sensitivity= 0.77, Accuracy= 0.6, F1= 0.68) and the condition 5.0 m/s (Sensitivity= 0.70, Accuracy= 0.54, F1= 0.61). Overall the performance of subjects interpreting the signal is quite satisfactory because across conditions above 70% of sampled events were interpreted correctly and the accuracy of the response was above 2015 
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61%. These values indicate that if cyclists are trained at using the signaling device it is highly likely that they would interpret accurately the leaders speed variations and promptly adapt theirs.
Finally, the shortest time to goal is achieved in the condition 4.2 m/s (13. 
B. Simulation Setup
The platoon-based cyclists cooperative system is simulated with the OMNeT++ simulation tool, and we use MiXiM as the framework to simulate the MAC and PHY layers of the wireless mesh network. The set bicycle+cyclist is represented by a mobile node equipped with an IEEE 802.15.4 network interface card transmitting at 100mW. Nodes move along a straight path. At the beginning, bicycles are 5m spaced apart, and the CACC is configured to aim for a desired inter-bicycle spacing of 2m. Each bicycle is considered to be 2m-long. A node collects its motion information (speed, acceleration, and position) and transmit it with a frequency of 10Hz.
The CACC is implemented in the application layer and runs with a frequency of 0.1Hz. The application selects the latest information received from neighboring and leading bicycles, determines which one is the bicycle in front based on the reported location, and employs the formula in (1) to calculate a i des and a i lag . Before the mobility module is informed about the acceleration that should be employed in the next movement of the node, the calculated acceleration is altered with the human error factor ✏. An example of one of the subject's speed response during the pilot study is illustrated in Fig. 5a and the error characterization for all the subjects is illustrated in Fig.  5b . According to the results from the pilot study, we determine that human errors closely follow a normal distribution; hence, in the simulation the error factors are randomly generated according to ✏ ⇠ N (µ, ). The values for µ and are also extracted from the experimental results.
The modified a i lag is then employed by the mobility module, which governs the motion of the node. As a result, instead of simulating an automated platoon as we did in a preliminary work [12] , we simulate a platoon in which the applied acceleration is altered by the human error factor. The simulated scenarios are described as follows:
• Impact of speed variation: Different values of the harmonic mean in urban bicycle roads were extracted from a recent study in Santiago, Chile [15] . The values were employed as the leader bicycle's speed (i.e., the target speed) in our simulated platoon. Each mean was paired with a given variability factor to account for normal variations in the motion of a cyclist. Thus, the leading bicycle's speed v l varies randomly in a range around the target speed. The range is bounded by the parameter l which has also been extracted from [15] . • Impact of platoon size variation: Platoons with different sizes were simulated to verify the impact of the number of nodes in the behaviour of the platoon.
• Impact of leader's speed variability: Different variability levels for a given target speed were simulated to account for variations of the platoon's leader.
IV. SIMULATION RESULTS AND DISCUSSION
The specific parameters employed for the simulation scenarios are summarized in Table I . All scenarios were programmed to inject the human error factor in the response of each bicycle. Error parameters µ and are categorized depending on the leader/target speed v l , where Fig. 7a plots the evolution of the speeds of the bicycles for a four-bicycle simulation selected at random from the set of runs. One can appreciate how the three follower bicycles are trying to closely match the leader's speed. The errors obtained from comparing followers and leader speeds during the simulation run are depicted in Fig. 7b . The behavior shows to be consistent with the experimental results reported in Fig.  5 . Fig. 6a illustrates the average inter-bicycle distance achieved for a varying number of platoon sizes. For every platoon size, the leader cyclist is running at an intermediate average speed (15.5 Km/h) with its correspondent variability [15] . The results show that even for large platoon sizes, the achieved distance between bicycles is always close to the spacing policy (2 m). Given the human error factor involved in the decision of the acceleration to be applied, in the simulations the system has shown to be tolerant to human errors while it is still able to achieve the spacing policy. Similar results are depicted in Fig. 6b . In the figure, the leader is again running at 15.5 Km/h but with a set of different variabilities, to account for higher variations in the target speed. It is observed that for a greater l the deviation around the average inter-bicycle distance increases, but it is again very close to the target distance of 2 m. Even for the worst case scenario ( l = 0.3) the error around the media is of approximately 0.2 m. One can consider that if the leader cyclist is highly unstable, the spacing policy could be incremented so as not to decrease the minimum safe distance between bicycles, specially for crowded roads. [15] . The inter-bicycle distance correspond to the average obtained across several simulation runs. All three scenarios are observed to have a good response in terms of maintaining the desired inter-bicycle spacing. Upon system's implementation, we expect that the aforementioned achievement of a safe interbicycle spacing will help reduce safety risks and gridlocks in crowded bike lanes such as the ones reported in [8] [9] .
V. PROTOTYPE IMPLEMENTATION
The smart bicycle tested in the laboratory is equipped with a Romeo V2 All-in-one Arduino compatible microcontroller that operates as the main processing unit. It has built-in 2 way motor drivers and an XBee socket. The sensing elements in the bicycle are a reed switch speed sensor and a GPS shield. The only actuator is a motor with an eccentric spiked wheel located at the right side of the handle bar. Our 2 bicycles and the coordinator laptop have XBee Pro 60mW modules linked via a mesh network to send location and speed data. The smart bicycle is illustrated in Fig. 8 . For the actual test-bed we intend to test four bicycles in two scenarios: at a controlled circuit in an open parking with a stationary experiment coordinator and on the actual road with a mobile experiment coordinator. The effects of employing low precision GPS technologies are also to be determined with more simulations and the testbed, as well as the improvement in road capacity when the bike lane is congested. The actual test-bed is currently under implementation. crowded bike lanes with uncoordinated platooning circulation, which is deriving in safety risks and gridlocks due to the lack of explicit coordination among cyclists. We have proposed a networked cyber-physical system that includes control (CACC), bicycle-to-bicycle communications, and a novel bicycle-human interface. To validate the system, we have implemented a proof of concept of the smart bicycle that studies the accuracy of the proposed HMI and have found that overall the combined visual-tactile signal is very accurately interpreted by cyclists. Across target speeds that range from 2.8 m/s (10 km/h) to 5.0 m/s (18 km/h) the signal transmitted by the HMI device is correctly interpreted 70% of the times and the accuracy of response is 61% after an average time of 14.6 seconds. When cyclists are signaled to keep the current speed they achieve the highest performance because they have precise control over their acceleration. When they are signaled to slow down their control of acceleration is better than when they are asked to speed up.
Additionally, we have implemented the proposed system in the network simulator OMNeT++ and have programmed simulations to inject the human error factor collected from the pilot study with subjects. The simulations results have shown that the system is tolerant to the human error and is able to achieve a desired spacing policy set to the cyclists participating in the platoon. Even for large platoon sizes (10 participants) the followers maintain a safe distance to one another, with minimum deviation from the spacing policy. Future work is focusing in completing the prototype implementation in order to test the cyclists coordination in controlled and uncontrolled urban scenarios. In addition to test the cyclists response when moving as part of the platoon, we intend to measure the effectiveness of information dissemination in large groups or with large distances among participants, as well as energy consumption of the battery-powered equipment employed as part of the smart bicycle.
